A conserved domain targets exported PHISTb family proteins to the periphery of Plasmodium infected erythrocytes. by Tarr, SJ et al.
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a  b  s  t  r  a  c  t
During  blood-stage  infection,  malaria  parasites  export  numerous  proteins  to the  host  erythrocyte.  The
Poly-Helical  Interspersed  Sub-Telomeric  (PHIST)  proteins  are  an exported  family  that  share  a common
‘PRESAN’  domain,  and include  numerous  members  in  Plasmodium  falciparum,  Plasmodium  vivax  and
Plasmodium  knowlesi.  In P.  falciparum,  PHIST  proteins  have  been  implicated  in protein  trafﬁcking  and
intercellular  communication.  A  number  of PHIST  proteins  are  essential  for  parasite  survival.  Here, we
identify  nine  members  of  the  PHISTb  sub-class  of  PHIST  proteins,  including  one protein  known  to  be
essential  for  parasite  survival,  that localise  to  the erythrocyte  periphery.  These proteins  have solubility
characteristics  consistent  with  their  association  with  the  erythrocyte  cytoskeleton.  Together,  an  extended
PRESAN domain,  comprising  the PRESAN  domain  and  preceding  sequence,  form a  novel  targeting-domain
that  is  sufﬁcient  to  localise  a protein  to the erythrocyte  periphery.  We  validate  the role  of  this  domain  inrotein export
alaria
RESA,  thus  identifying  a cytoskeleton-binding  domain  in  RESA  that functions  independently  of  its  known
spectrin-binding  domain.  Our  data  suggest  that  some  PHISTb  proteins  may  act  as  cross-linkers  of  the
erythrocyte  cytoskeleton.  We  also  show  for the ﬁrst time  that  peripherally-localised  PHISTb  proteins  are
encoded in genomes  of P.  knowlesi  and  vivax  indicating  a conserved  role  for  the extended  PRESAN  domain
of  these  proteins  in  targeting  to  the  erythrocyte  periphery.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/3.0/).. Introduction
Malaria is caused by eukaryotic parasites of the genus Plasmo-
ium, of which ﬁve species are known to infect humans. There were
n estimated 627 000 deaths from malaria in 2012 [1]; the majority
ccurred in children in sub-Saharan Africa as a result of infection
ith Plasmodium falciparum which causes the most deadly form
f the disease. Infections with other human malaria species con-
ribute signiﬁcantly to the global impact of malaria; up to 50% of
alaria cases outside sub-saharan Africa are attributed to infec-
ion with Plasmodium vivax [1], which is increasingly recognised
s a cause of severe malaria and death. Malaria caused by Plasmo-
ium knowlesi is primarily zoonotic and often misdiagnosed. While
nfection with P. knowlesi can cause severe and fatal disease [2],
he contribution of P. knowlesi to the global malaria burden is only
eginning to be understood as a consequence of recently developed
iagnostic strategies allowing its accurate diagnosis [2].
∗ Corresponding author. Tel.: +44(0)2076793155.
E-mail address: a.osborne@ucl.ac.uk (A.R. Osborne).
ttp://dx.doi.org/10.1016/j.molbiopara.2014.07.011
166-6851/© 2014 The Authors. Published by Elsevier B.V. This is an open access article uSymptoms of malaria occur when the parasite resides and
replicates within host erythrocytes (although P. vivax preferen-
tially invades reticulocytes). Within the erythrocyte, the parasite
is contained within a vacuole, referred to as the parasitophorous
vacuole (PV). During the intraerythrocytic cycle, Plasmodium para-
sites export many proteins across the PV membrane and into the
host erythrocyte. Many exported proteins are directed for export
by a host-targeting (HT) motif (also referred to as a PEXEL) [3,4],
the presence of which can be used to identify putative exported
proteins. During synthesis, most proteins destined for export are
initially targeting to the parasite endoplasmic reticulum by an N-
terminal transmembrane domain (or recessed signal sequence)
[5,6]. The HT motif lies downstream of the N-terminal trans-
membrane domain [3,4,7]. Within the ER lumen, the HT motif is
proteolytically cleaved after the Leu residue [8,9] by the ER-resident
protease Plasmepsin V [5,10], releasing a C-terminal fragment
with a new N-terminal sequence that starts xE/D/Q, which is N-
acetylated [8]. The new N-terminus alone is sufﬁcient to mediate
protein export [11,12]. The cleaved, N-acetylated proteins are traf-
ﬁcked to the PV where they are unfolded and translocated across
the PV membrane by the PTEX complex [13,14]. An important
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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ubset of proteins lacking HT motifs is also exported into the host
ell [15].
Many exported proteins, which alter the properties of infected
ells, are essential for parasite survival [16] and virulence [17,18]
nd hence contribute to the pathogenesis of malaria [19,20].
nfected erythrocytes exhibit increased nutrient uptake, increased
igidity and the ability to cytoadhere to microvasculature [21].
uch of the increased rigidity of infected erythrocytes is attributed
o the association of KAHRP with the cytoskeleton [22]. KAHRP
lso plays a key role in the assembly of cytoadherence-associated
nob structures on the plasma membrane of infected cells [23].
AHRP binds PfEMP1-ATS and Spectrin-actin-4.1 complex thus
inking PfEMP1 to the cytoskeleton [24] (see also [25]). Parasites
acking KAHRP have a knob-less phenotype and fail to gen-
rate a virulent infection in primates [26]. Other cytoskeleton
inding proteins have been identiﬁed in Plasmodium. The Mature-
arasite-infected Erythrocyte Surface Antigen (MESA) interacts
ith Band 4.1 in the erythrocyte cytoskeleton [27–29]. A similar
inding region is found in a number of other Plasmodium exported
roteins [30].
However, the majority of Plasmodium parasite exported pro-
eins have not been characterised. One family that is expanded
n human-infective Plasmodium species is the Poly-Helical Inter-
persed Sub-Telomeric (PHIST) protein family. The PHIST family
as identiﬁed by two groups independently and is also known
s the PRESAN family [31,32]. In P. falciparum,  the PHIST family
ontains approximately 74 members. Whilst PHIST family pro-
eins are diverse and often multi-domain proteins, they share
 single (or occasionally two) conserved, four-helical region of
pproximately 150 amino acids in length named the PHIST or PRE-
AN domain (Pfam ID: PF09687). PHIST family is further divided
nto three sub-families, named PHISTa, PHISTb and PHISTc [31].
enceforth, ‘PHIST’ will be used to describe PHIST/PRESAN family
embers, while ‘PRESAN’ will be used to describe their com-
on  domain. The PHIST family proteins are also found in other
lasmodium species; notably there are multiple members present
odent malaria parasites but also in both P. vivax and P. knowlesi
31,33,34].
In P. falciparum three PHISTb proteins (PF3D7 0401800 (PFD80),
F3D7 0402100 and PF3D7 1149200) are essential for parasite
urvival in blood stages [16]. The Plasmodium cynomolgi protein
HIST/CVC-8195, is most closely related to PHISTc proteins [35],
ocalised in Schüffner’s dots in the infected erythrocyte, and is also
efractory to gene deletion [36]. Some non-essential PHIST fam-
ly members from P. falciparum are involved in functions such as
rotein trafﬁcking, membrane rigidity and intercellular signalling
16,37,38].
Interacting partners have only been identiﬁed for a small
umber of PHIST proteins. The PHISTa protein PF3D7 0402000 is
ocalised to the PV membrane and the PRESAN domain of this pro-
ein interacts with the cytoplasmic erythrocyte protein Band 4.1 in
 yeast two-hybrid assay [39]. Biochemical analyses have identiﬁed
n interaction between the PRESAN domain of the PHISTc protein
F3D7 0936800 and the intracellular acidic tail sequence domain of
fEMP1 [25]. Interactions of PHISTb proteins have been identiﬁed
or regions outside of their PRESAN domains. The PHISTb protein,
ing-infected Erythrocyte Surface Antigen (RESA; PF3D7 0102200)
s localised to the erythrocyte membrane [40,41] and contains a C-
erminal spectrin-binding domain [42,43]. The direct association
f RESA with spectrin stabilises the spectrin tetramer and is key
o the increased resistance of infected erythrocytes to mechani-
al stress and thermal damage [43–45]. PF3D7 0532400 was also
ecently shown to associate with inside-out vesicles via its C-
erminal lysine-rich repeat region, and partially colocalise with
AHRP, suggesting an interaction with the erythrocyte cytoskele-
on [46].l Parasitology 196 (2014) 29–40
Although the virulence-associated phenotypes of malaria para-
sites involve modiﬁcation of the host cell plasma membrane
and cytoskeleton, our understanding of how proteins are tar-
geted to this region of the infected erythrocyte is incomplete.
Here we  identify seven members of the PHISTb family in P.
falciparum that localise to the erythrocyte periphery. The solu-
bility characteristics of these proteins are consistent with their
association with the erythrocyte cytoskeleton. Using the PHISTb
proteins PFD80 and RESA as model proteins, we  show that the
PRESAN domain together with a preceding sequence, comprise
a novel functional domain that is sufﬁcient to target a pro-
tein to the erythrocyte periphery. Furthermore, we show for
the ﬁrst time that PHISTb proteins encoded in the genomes
of P. vivax and P. knowlesi are also peripherally-localised in
infected erythrocytes indicating that the extended PRESAN domain
found in PHISTb proteins is a conserved, universal domain
used to target proteins to the periphery of Plasmodium infected
erythrocytes.
2. Experimental procedures
2.1. Plasmids and parasite transfection
DNA encoding P. falciparum PHIST proteins was  PCR ampliﬁed
from P. falciparum 3D7 genomic DNA and cloned into a P. falcip-
arum expression plasmid, in frame with 3′ GFP  and StrepII tags.
Expression was  under the control of pfCAM 5′ and pbDT 3′ regions.
DNA fusions of PHIST protein domains with the N-terminal sixty-
one residues of PF3D7 0936300 (REX3/PFI1755c) were generated
using overlapping PCR.
The sequence for PKH 103230 was PCR ampliﬁed from P.
knowlesi genomic DNA (from strain A1H.1 [47]) and the intron was
removed. The gene was  cloned in frame, with 3′ GFP and StrepII
tags, into the P. knowlesi expression vector, PkconGFPep [47]. For
expression of PKH 103230 in P. falciparum,  a plasmid was  con-
structed as described above for expression of P. falciparum PHIST
proteins. The fragment of the gene PVX 003555 encoding the PRE-
SAN and preceding region (residues 807-end), was ampliﬁed from
P. vivax genomic DNA (from an undeﬁned strain – a gift from Colin
Sutherland). This fragment was  cloned such that it was fused to
residues 1–61 of PF3D7 0936300 (REX3), and also in frame with 3′
GFP and StrepII tags; expression was under the control of pfCAM 5′
and pbDT 3′ regions.
Protein expression plasmids and the pINT No Neo plasmid
(derived from pINT [48] but lacking a Neomycin selection gene),
encoding the Bxb1 integrase, were co-transfected into Plasmodium
falciparum strain 3D7attB or Dd2attB parasites [48] as described
previously [49] or [47]. Transfected parasites were selected with
2 g/ml Blasticidin (plasmid integration into the AttB site was  not
veriﬁed). P. knowlesi parasites adapted to continuous culture in
human erythrocytes were maintained and transfected as described
in [47], with the exception that parasites were selected with 300 nM
pyrimethamine.
2.2. Microscopy
One day after feeding, mixed-stage parasites were imaged by
placing a drop of culture material between a microscope slide and
coverslip. Phase contrast and ﬂuorescence Z-stack images were
acquired using a Zeiss Axiovert 200 M microscope, equipped withwere deconvolved using Volocity software. Images were processed
in ImageJ and single image sections are presented. Fluorescence
images were adjusted using automatic brightness and contrast
settings.
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Table  1
Gene identiﬁers and names of genes used in this study.
Gene ID Genomic Sequence ID UniProt ID Gene Name Previous ID(s)
P. falciparum PHISTb
PF3D7 0401800 Pf3D7 04 v3 Q8I207 PfD80 MAL4P1.16, PFD0080c
PF3D7  0424600 Pf3D7 04 v3 Q8IFM0 Null MAL4P1.229, PFD1170c
PF3D7  0532400 Pf3D7 05 v3 Q8I3F0 Null MAL5P1.315,
PFE1605w
PF3D7 1102500 Pf3D7 11 v3 Q8IIX5 GEXP02 PF11 0037
PF3D7  1476200 Pf3D7 14 v3 Q8IK76 Null PF14 0730, PF14 0731
PF3D7 1252700 Pf3D7 12 v3 Q8I4Q9 Null 2277.t00505,
MAL12P1.502,
PFL2535w
PF3D7 0201600 Pf3D7 02 v3 O96121 Null PF02 0016, PFB0080c
PF3D7 0102200 Pf3D7 01 v3 Q8I0U6 RESA PFA0110w
MAL1P1.13
P.  falciparum PHISTa
PF3D7 1001300 Pf3D7 10 v3 Q8IK23 Null PF10 0017
PF3D7  0832200.1 Pf3D7 08 v3 Null Null MAL7P1.225
P.  falciparum PHISTc
PF3D7 0731100 Pf3D7 07 v3 Q8IBF1 GEXP11 MAL7P1.172
PF3D7 1016600 Pf3D7 10 v3 C6S3C7 Null PF10 0161, PF10 0161a
PF3D7 0936600a Pf3D7 09 v3 Q8I2F4 GEXP05 PFI1770w
P.  vivax PHISTb
PVX 003555 Pv Sal1 chr04 A5KBH3 Null Pv003555
P.  knowlesi PHISTb
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.3. Protein detection by Western blotting
Expression of GFP-tagged proteins in transfected parasite lines
as conﬁrmed by SDS-PAGE and Western blotting of puriﬁed sch-
zonts. 2 × 106 schizonts were loaded per lane. Western blots were
robed with rabbit anti-GFP antibody (Torrey-Pines). Western blots
ere imaged using a LI-COR Odyssey imager.
.4. Preparation of erythrocyte ghosts and triton shells
Extraction of PHISTb proteins from erythrocyte ghosts and
embrane-depleted triton shells was conducted by sequential
xtraction of puriﬁed schizonts in hypotonic and triton buffers. Sch-
zonts were resuspended in 7.5 mM sodium phosphate, pH 7.4 at
◦C and centrifuged at 18,500 × g for 10 min. The pellets, containing
hosts, and supernatants were separated. Triton shells were pre-
ared by resuspending the ghost pellet in chilled 1% triton X-100
n PBS, followed by centrifugation at 18,500 × g for 10 min. Pellets
nd supernatants were separated.
Prior to SDS-PAGE, pellet fractions were resuspended in the
tarting volume of buffer. After addition of sample buffer, all sam-
les were heated to 95 ◦C for 1 min. The equivalent of 2 × 106
chizonts were loaded per lane for separation by SDS-PAGE, fol-
owed by Western blotting onto nitrocellulose. Western blots were
robed with rabbit anti-GFP (Torrey Pines), rat anti--spectrin, or
ouse anti-band 3 (BRAC65 and BRIC155 respectively; Bristol Insti-
ute for Transfusion Sciences).
. Results
.1. Exported PHISTb proteins localise to the periphery of the host
rythocyte
To characterise the localisation of exported PHISTb pro-
eins, we expressed a range PHISTb family members [31] with
-terminal GFP tags, in P. falciparum parasites. The cloned
enes encoded full-length PF3D7 0201600, PF3D7 0401800
PFD80), PF3D7 0424600, PF3D7 0532400, PF3D7 0936600,3 Null PK00 0910c
l. [35] but as a PHISTb protein by Sargeant et al. [31].
PF3D7 1102500, PF3D7 1252700 and PF3D7 1476200 (see Table 1
for details on alternative gene identiﬁers).
When expressed in Plasmodium parasites, GFP-tagged
PF3D7 0401800 (PFD80), PF3D7 0424600, PF3D7 0532400,
PF3D7 1102500 and PF3D7 1476200 were all exported to the
host cell and displayed a striking localisation at the edge of the
host erythrocyte (Fig. 1A–E, respectively; see also [46] and [50]
for localisation of PF3D7 0532400). The GFP ﬂuorescence was
predominantly localised uniformly at erythrocyte periphery,
with some ﬂuorescence apparent in the erythrocyte cytoplasm,
and little or no accumulation in the parasite. Quantitation of
ﬂuorescence images of parasites expressing PF3D7 0401800
(PFD80), PF3D7 0424600, PF3D7 0532400, PF3D7 1102500 and
PF3D7 1476200 showed a 4.47 (S.D. ± 1.43), 2.57 (S.D. ± 0.61),
4.20 (S.D. ± 1.38), 3.75 (S.D. ± 1.32) and 2.24 (S.D. ± 0.47) fold
increase in ﬂuorescence intensity at the erythrocyte membrane
relative to the erythrocyte cytosol, respectively (supplementary
Fig. 1). In addition to the uniformly distributed ﬂuorescence, the
PF3D7 0532400:GFP and PF3D7 1476200:GFP parasite lines also
exhibited small numbers of bright spots of GFP at the erythrocyte
periphery (Fig. 1C and E, respectively, white ﬁlled arrows).
PF3D7 1252700:GFP was localised to the erythrocyte periph-
ery (Fig. 1F) and also exhibited peripheral GFP punctae
(Fig. 1F, white ﬁlled arrow), which were much more numer-
ous than observed for PF3D7 0532400 and PF3D7 1476200, as
well as some GFP punctae in the host erythrocyte cytosol
(Fig. 1F, white unﬁlled arrow). Nonetheless, the GFP ﬂuorescence
observed for PF3D7 1252700:GFP was clearly peripheral in the host
erythrocyte.
PF3D7 0201600:GFP showed some weak accumulation at the
erythrocyte periphery, but the majority of the protein was localised
in the RBC cytosol (Fig. 1G; supplementary Fig. 1). Consistent with
this, the ratio of ﬂuorescence at the erythrocyte periphery relative
to the erythrocyte cytoplasm was  low (1.14 fold S.D. ± 0.21; sup-
plementary Fig. 1). This protein also exhibited occasional spots of
GFP ﬂuorescence in the host cell (Fig. 1G, white ﬁlled arrow).
The only PHISTb protein tested that did not exhibit some
peripheral localisation in the host erythrocyte was GFP-tagged
32 S.J. Tarr et al. / Molecular & Biochemical Parasitology 196 (2014) 29–40
Fig. 1. (A–H) Localisation of PHISTb:GFP proteins. The left- and right-hand images show GFP localisation and a phase contrast image, respectively. White ﬁlled arrows:
peripheral GFP puncta; White unﬁlled arrow: GFP puncta in host erythocyte cytosol. Scale bar, 2 m. The identity of each parasite line is indicated above the respective
images. (I) Anti-GFP Western blots of schizonts expressing PHISTb:GFP proteins. 2 × 106 schizonts were loaded per lane. The identity of each PHISTb:GFP protein is indicated
above  each lane. Black arrow: expressed PHISTb:GFP protein. Asterisk: PF3D7 1102500:GFP degradation product. Lanes 1, 5 and 10 contain untransfected parasites. (J–K)
Localisation of PHISTa:GFP proteins. Image panels are as in (A–H). PF3D7 1001300:GFP (J); PF3D7 0832200.1:GFP (K). (L–M) Localisation of PHISTc:GFP proteins. Image
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Panels are as in (A–H). PF3D7 0731100:GFP (L); PF3D7 1016600:GFP (M). (N) Anti-
chizonts were loaded per lane. The identity of each PHIST:GFP protein is indicate
arasites. For additional images of parasites see also supplementary Figs. 1 and 3.
F3D7 0936600. This protein was originally classiﬁed as a PHISTb
rotein [31] but has subsequently been reclassiﬁed as a PHISTc
rotein [35]. We  ﬁnd that the GFP tagged protein was localised
n the erythrocyte cytosol, not at the host cell periphery (Fig. 1H);
F3D7 0936600:GFP exhibited 0.91 (S.D. ± 0.09) fold ﬂuorescenceestern blots of schizonts expressing PHISTa:GFP and PHISTc:GFP proteins. 2 × 10
e each lane. Black arrow: expressed protein. Lanes 1 and 4 contain untransfected
intensity at the erythrocyte membrane relative to the erythrocyte
cytosol (supplementary Fig. 1).
Expression of full-length protein was  conﬁrmed for each
PHISTb:GFP-expressing parasite line by anti-GFP Western blots
of puriﬁed schizonts (Fig. 1I). Western blots of each parasite line
S.J. Tarr et al. / Molecular & Biochemical Parasitology 196 (2014) 29–40 33
Fig. 2. (A–E) Western blots of material from sequential solubilisations of puriﬁed schizonts expressing PHISTb:GFP proteins. Material equivalent to 2 × 106 cells was  loaded
per  lane. Upper panel, -GFP; middle panel, -Band 3; bottom panel, -Spectrin. Black arrow indicates expressed PHISTb:GFP protein. Asterisk: Band 3 dimer. Lane 1:
uninfected erythrocyte ghost pellet, lane 2: insoluble pellet of 1% triton X-100-solubilised uninfected erythrocyte ghosts, lane 3: supernatant of 1% triton X-100-solubilised
uninfected erythrocyte ghosts, lane 4: untransfected schizonts, lane 5: total schizonts expressing PHISTb:GFP protein, lane 6: ghost pellet of hypotonically lysed schizonts
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axpressing PHISTb:GFP protein, lane 7: supernatant of hypotonically lysed schizon
host  pellet of schizonts expressing PHISTb:GFP protein, lane 9: supernatant of 1%
dentity of each parasite line is indicated above the respective blots.
ave bands of the expected molecular weight; PF3D7 0401800:GFP
PFD80) and PF3D7 1102500:GFP both ran approximately 30 kDa
arger than predicted, which is likely due to the presence of
epetitive or highly charged sequences. A degradation product of
F3D7 1102500:GFP was also observed (Fig. 1I, lane 8, asterisk).
PF3D7 0401800:GFP (PFD80) was also expressed in P. falcipa-
um Dd2 parasites, which have a deletion in chromosome 2 and lack
he gene encoding KAHRP. In Dd2 parasites, the protein exhibited
obust localisation at the erythrocyte periphery (supplementary
ig. 2) indicating that targeting was not dependent on KAHRP or
he presence of assembled knob structures [51].
All of the GFP-tagged PHISTb proteins tested exhibited some
egree of peripheral localisation at the edge of the host erythrocyte
with the exception of PF3D7 0936600, which has been reclassi-
ed as a PHISTc protein [35]). PHISTb proteins are a sub-class of
 larger family of exported proteins that also includes PHISTa andressing PHISTb:GFP protein, lane 8: insoluble pellet of 1% triton X-100-solubilised
n X-100-solubilised ghost pellet of schizonts expressing PHISTb:GFP protein. The
PHISTc proteins. Members of the PHISTa and PHISTc protein sub-
classes were also GFP tagged and expressed in Plasmodium, in order
to assess their localisation.
GFP-tagged PHISTa proteins, PF3D7 1001300 and PF3D7
0832200.1, were efﬁciently exported into the host erythrocyte
and exhibited diffuse ﬂuorescence localisation in the erythro-
cyte cytosol (Fig. 1J and K, respectively). These proteins exhibited
0.96 (S.D. ± 0.07) and 0.98 (S.D. ± 0.13) fold ﬂuorescence inten-
sity at the erythrocyte membrane relative to the erythrocyte
cytosol, respectively (supplementary Fig. 1). Anti-GFP Western
blotting of puriﬁed schizonts expressing PF3D7 0832200.1:GFP and
PF3D7 1001300:GFP conﬁrmed expression of GFP proteins of the
correct predicted sizes (Fig. 1N, lanes 2 and 3, respectively).
GFP-tagged PHISTc proteins, PF3D7 0731100 and PF3D7
1016600, were efﬁciently exported to the host cell where they
exhibited bright puncta of GFP ﬂuorescence (Fig. 1L and M,
34 S.J. Tarr et al. / Molecular & Biochemical Parasitology 196 (2014) 29–40
Fig. 3. (A) Domain architecture of PF3D7 0401800 (PFD80), not to scale. TM,  transmembrane domain/recessed signal sequence; Ser/Thr/Ala refers to serine, threonine and
alanine rich-region; PRESAN, domain boundaries deﬁned according to Pfam ID: PF09687. (B–D) Domain architecture and localisation of HT:PFD80:GFP reporter constructs.
REX31–61, N-terminal sequence of REX3, including its HT motif, which is sufﬁcient to drive protein export. Residue numbers, below each diagram, refer to position within
PFD80.  The left- and right-hand images show GFP localisation and a phase contrast image, respectively. The identity of each parasite line is indicated above the respective
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amages.  (E) Anti-GFP Western blot of schizonts expressing PFD80:GFP reporter pro
rotein  is indicated above each lane. Black arrow: expressed protein.
espectively and supplementary Fig. 3). The punctate localisation
f PF3D7 0731100:GFP is in keeping with the immunolocalisation
f the endogenous protein [18,38]. The expression of full-length
F3D7 0731100:GFP and PF3D7 1016600:GFP was conﬁrmed by
nti-GFP Western blotting of puriﬁed schizonts (Fig. 1N, lanes 5
nd 6, respectively).
Together these data present a previously undescribed localisa-
ion for members of the PHISTb subclass, which is distinct from the
embers of the PHISTa and PHISTc subclasses tested here.
.2. Solubility proﬁles of PHISTb proteins localised to the
rythocyte periphery support interactions of PHISTb proteins with
he erythrocyte cytoskeleton
We  next sought to assess the mechanism by which the periph-
ral PHISTb proteins were targeted to the edge of the host
rythrocyte. None of the mature (i.e. post-HT cleaved) PHISTb pro-
eins tested contain strongly predicted transmembrane domains,
ndicating that they are either peripherally associated with the
rythrocyte plasma membrane or associated with the spectrin
ytoskeleton. To distinguish between these possibilities, puriﬁed
chizonts expressing the various constructs were subjected to
equential solubilisation in hypotonic and triton-based buffers.
ypotonic lysis releases soluble, non-membrane-associated mate-
ial; membrane-associated material remains in the ‘ghost’ pellet.
ubsequent solubilisation of ghosts in triton X-100 releases trans-
embrane and peripherally associated membrane proteins, whilehe spectrin cytoskeleton and many of its associated proteins
emain in the triton-insoluble pellet fraction. Thus, solubilisation of
hosts in triton X-100 allows the assessment of whether proteins
re membrane- or cytoskeleton-associated [29].. 2 × 10 schizonts were loaded per lane. The identity of each PFD80:GFP reporter
Five peripherally localised PHISTb:GFP proteins were tested
(PF3D7 0401800:GFP (PFD80), Fig. 2a; PF3D7 1102500, Fig. 2b;
PF3D7 0424600, Fig. 2c; PF3D7 1476200, Fig. 2d; PF3D7 0532400,
Fig. 2e). Percoll-puriﬁed schizonts were ﬁrst lysed in hypotonic
buffer to release soluble proteins. In each case, hypotonic lysis
released some of the PHISTb:GFP protein into the ghost super-
natant (Fig. 2, -GFP, lane 7). However, the majority of the protein
remained in the ghost pellet (Fig. 2, -GFP, lane 6). The erythrocyte
transmembrane protein Band 3 also remained in the ghost pellet
(Fig. 2, -Band 3, lane 6), as did the cytoskeleton protein, spectrin
(Fig. 2, -spectrin, lane 6).
The ghost pellets were subsequently resuspended in a 1%
triton X-100 buffer in order to solubilise transmembrane and
membrane-associated proteins. The ghost-associated PHISTb:GFP
protein fraction was not released upon solubilisation of the ghost
pellet in 1% triton X-100; the proteins remained in the triton X-
100 insoluble pellet (Fig. 2, -GFP, lane 8) with spectrin (Fig. 2,
-spectrin, lane 8). Triton X-100 solubilisation of the ghost pel-
let did release the majority of the membrane-associated Band 3
into the soluble supernatant (Fig. 2, -Band 3, lane 9). Upon solu-
bilisation of schizont-ghosts in 1% triton X-100, band 3 appeared
as a doublet by Western blotting (Fig. 2A, -Band 3, asterisk, lane
9). This was also observed for triton X-100-solubilised uninfected
erythrocyte ghosts (Fig. 2, -Band 3, lane 3) and is likely due to
incomplete denaturation of a Band 3 dimer in the presence of 1%
triton X-100, as seen previously [52].
For each PHISTb:GFP protein tested, a fraction was released
upon hypotonic lysis. The remaining protein in the ghost pellet
fraction remained insoluble in detergent, indicative of associ-
ation with components of the triton X-100-insoluble spectrin
cytoskeleton.
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.3. Localisation of PHISTb proteins at the erythrocyte periphery
s dependent on both the PRESAN domain and its preceding
equence
The PHISTb family member PF3D7 0401800 (PFD80) was  used
nitially as a model protein for elucidating the protein region
esponsible for localisation to the erythrocyte periphery. PFD80
onsists of an N-terminal Ser/Ala/Thr-rich region (approximately
esidues 60–292), followed by a C-terminal PRESAN domain
etween residues 414 and 554 (ending six residues short of the
-terminus; Fig. 3A). To ascertain the region of PFD80 responsible
or peripheral erythrocyte localisation, we generated parasite lines
xpressing N-terminally truncated fragments of PFD80, tagged C-
erminally with GFP. Since the endogenous N-terminus of PFD80
which contains the HT motif) was removed in these expression
onstructs, the proteins were targeted for export by appending
esidues 1–61 of REX3 (PF3D7 0936300/PFI1755c) to their N-
ermini. Residues 1–61 of REX3 contain a validated HT motif, drive
fﬁcient export to the host erythrocyte, and do not contribute
o peripheral localisation [12,31]. Hence, using the validated N-
erminus of REX3 to drive reporter export allows assessment of
he speciﬁc contribution of PFD80 fragments to protein localisa-
ion, independently of the N-terminal PFD80 sequences adjacent
o the HT motif.
Parasites expressing PFD80 residues 295-end (encompass-
ng the PRESAN domain and 119 preceding residues) fused
o GFP exhibited GFP ﬂuorescence at the erythrocyte periph-
ry (HT:PFD80C-term:GFP; Fig. 3B). Peripheral ﬂuorescence was
.97 (S.D. ± 0.49) fold higher than the erythrocyte cytosol
supplementary Fig. 1). Expression of protein was conﬁrmed by
estern blotting of percoll-puriﬁed schizonts (Fig. 3E, lane 1). This
ndicates that a region sufﬁcient to localise PFD80 to the erythro-
yte periphery exists within the C-terminal portion of the protein,
hich includes the PRESAN domain.
We postulated that the PRESAN domain alone may  be respon-
ible for peripheral localisation. However, parasites expressing
he PFD80 PRESAN domain (PFD80 residues 414-end) fused
o GFP exhibited diffuse ﬂuorescence throughout the eryth-
ocyte cytoplasm, with some retention inside the parasite
HT:PFD80PRESAN:GFP; Fig. 3C). Peripheral ﬂuorescence was  0.96
S.D. ± 0.10) fold that of the erythrocyte cytosol (supplementary
ig. 1). Thus, in comparison to HT:PFD80C-term:GFP (Fig. 3B), the
FD80 PRESAN domain alone was not sufﬁcient to mediate efﬁ-
ient protein targeting to the erythrocyte periphery. Western
lotting of puriﬁed schizonts conﬁrmed the expression of the
T:PFD80PRESAN:GFP protein (Fig. 3E, lane 2).
These data indicate that the sequence preceding the PRE-
AN domain (residues 295–413), or this sequence together
ith the PRESAN domain, constitute the functional domain
equired for peripheral erythrocyte localisation. To test this, para-
ites were generated which expressed PFD80 residues 295–413
the region preceding the PRESAN domain), tagged C-terminally
ith GFP (HT:PFD80295–413:GFP). This protein also exhibited
iffuse localisation within the erythrocyte cytosol, as well as
ome retention in the parasite (Fig. 3D and supplementary
ig. 1). Fluorescence at the erythrocyte membrane was 1.01
S.D. ± 0.13) fold that of the erythrocyte cytosol (supplemen-
ary Fig. 1). In comparison to HT:PFD80C-term:GFP or full-length
FD80, residues 295–413 are not sufﬁcient to confer efﬁcient
eripheral erythrocyte localisation and alone do not fully con-
titute the functional targeting domain of PFD80. Expression of
he protein was conﬁrmed by Western blotting (Fig. 3E, lane
).
These data show that in the PHISTb protein PFD80, the PRESAN
omain and the 119 residues N-terminal to it, together combine
o form a functional domain that is sufﬁcient to confer localisationl Parasitology 196 (2014) 29–40 35
to the periphery of the host erythrocyte. Neither domain alone is
functional.
Alignment of all P. falciparum PHIST PRESAN domains and the
preceding 150 residues (or to the cleaved HT motif, whichever
was shorter) and six residues C-terminal to the annotated PRESAN
domain, showed that there are regions of sequence homology in
the amino acid sequence preceding the PRESAN domain; this is
particularly clear in the ∼30 residues immediately preceding the
PRESAN domain (supplementary Fig. 4). The sequence conservation
in this region and its necessity in addition to the annotated PRESAN
domain for peripheral localisation of PHISTb proteins indicate that
the N-terminal extension is a functional component of the domain
responsible for peripheral targeting. Henceforth we will refer to this
combined, functional domain as the ‘extended PRESAN’ domain.
3.4. The extended PRESAN domain of RESA independently
localises to the periphery of the host erythrocyte
Ring-infected Erythrocyte Surface Antigen (RESA; PF3D7
0102200) has previously been shown to localise the erythrocyte
periphery [40,41]. The protein contains an N-terminal PRESAN
domain (residues 170–294), and a DnaJ domain towards the C-
terminus (Fig. 4A). Residues 663–770 bind to spectrin in vitro but
it has not been demonstrated that this region is sufﬁcient to confer
cytoskeletal localisation in vivo.
RESA has the atypical HT motif 86RNLYGE91, which does not
support protein export when protein expression is directed by
late promoters [53]. To characterise the cytoskeleton targeting ele-
ments in RESA, we  generated a chimeric RESA reporter construct
that could be expressed from a strong, late promoter. This allows
a higher protein expression level and hence more brightly ﬂuo-
rescent parasites, and also allows us to assess the localisation of
RESA fragments independently of the HT-motif proximal residues
of RESA. A ‘full-length’ RESA reporter expressed from a non-RESA
promoter was generated by replacing the region of RESA contain-
ing the information necessary for export (residues 1–91) with the
equivalent sequence from the exported protein REX3 (residues
1–61). This region of REX3 contains a HT motif that supports export
when expression is driven by the PfCAM promoter [12]. Thus, this
RESA reporter consisted of a validated, exportable N-terminus fol-
lowed by the portion of RESA from immediately following the RESA
HT motif (Thr92) to the end of the protein, with a C-terminal GFP
tag (RESA:GFP; Fig. 4B). As expected, RESA:GFP was exported and
localised at the erythrocyte periphery (Fig. 4B). Peripheral ﬂuo-
rescence was 2.08 (S.D. ± 0.34) fold higher than the erythrocyte
cytosol (supplementary Fig. 1). Western blotting of puriﬁed sch-
izonts conﬁrmed expression of the full-length protein (Fig. 4F, lane
2).
Given the observation for PFD80 that the PRESAN domain plus
an N-terminal 119 residues were required for efﬁcient localisation
at the erythrocyte periphery, we sought to determine whether the
extended PRESAN domain of RESA also localised to the erythro-
cyte periphery. Parasites were generated which expressed RESA
residues Thr92-Asp301 (i.e. from immediately following the RESA
HT motif to seven residues after the predicted PRESAN domain)
with a C-terminal GFP tag (RESAN-term:GFP). These parasites exhib-
ited strong GFP ﬂuorescence at the erythrocyte periphery (Fig. 4C).
Peripheral ﬂuorescence was 2.35 (S.D. ± 0.43) fold higher than the
erythrocyte cytosol (supplementary Fig. 1). Western blotting of
puriﬁed schizonts conﬁrmed expression of the full-length protein
(Fig. 4F, lane 3). The extended PRESAN domain of RESA can con-
fer peripheral localisation in the host erythrocyte independently of
the RESA’s C-terminal spectrin binding domain. A GFP tagged con-
struct containing the RESA PRESAN domain with only 16 preceding
residues (Glu154-Asp301) was  expressed in parasites. By compar-
ison to the RESAN-term:GFP protein construct (Fig. 4C), the PRESAN
36 S.J. Tarr et al. / Molecular & Biochemical Parasitology 196 (2014) 29–40
Fig. 4. (A) Domain architecture of PF3D7 0102200 (RESA), not to scale. PRESAN, domain boundaries deﬁned according to Pfam ID: PF09687; DnaJ domain as deﬁned by
Pfam  ID: PF14308; SBD, spectrin-binding domain. (B–E) Domain architecture and localisation of HT:RESA:GFP reporter constructs. REX31–61, N-terminal sequence of REX3,
including its HT motif, which is sufﬁcient to drive protein export. Residue numbers, below each diagram, refer to position within full-length RESA. The left- and right-hand
images show GFP localisation and a phase contrast image, respectively. Scale bar, 2 m.  The identity of each parasite line is indicated above the respective images. (F) Anti-GFP
western  blot of schizonts expressing RESA:GFP reporter proteins. 2 × 106 schizonts were loaded per lane. The identity of each RESA:GFP reporter protein is indicated above
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Gach  lane. Black arrow: expressed protein. Lane 1 contains untransfected parasites.
omain alone is not efﬁciently recruited to the erythrocyte periph-
ry (Fig. 4D and supplementary Fig. 1) (ratio of GFP at the membrane
elative to the cytoplasm is 1.10 S.D. ± 0.18) indicating that this
omain alone does not fully reconstitute the targeting activity of
ull-length RESA or RESAN-term:GFP. Expression of the protein was
onﬁrmed by Western blotting of puriﬁed schizonts (Fig. 4F, lane
). Together, these data are consistent with our observations for
FD80 and indicate that the PRESAN domain of RESA plus addi-
ional N-terminal sequence can confer peripheral localisation in
he erythrocyte.
The C-terminal fragment of RESA (Ile302-end) was also
loned and expressed in parasites with a C-terminal GFP tag
RESAC-term:GFP). This region includes the segment that binds to the
rythrocyte cytoskeleton protein spectrin in vitro [43]. In keeping
ith the in vitro data, this construct also localised to the erythro-
yte periphery (Fig. 4E), with a peripheral ﬂuorescence intensity
.08 (S.D. ± 0.78) fold higher than the erythrocyte cytosol (supple-
entary Fig. 1). Expression of the full-length protein was conﬁrmed
y Western blotting of puriﬁed schizonts (Fig. 4F, lane 5)
Together, our experiments using both PFD80 and RESA show
hat the PHISTb extended PRESAN domain, but not the PRESAN
omain alone, is sufﬁcient to mediate localisation to the host eryth-
ocyte periphery.
In the case of RESA, this extended region functions indepen-
ently and in addition to the previously identiﬁed spectrin-binding
egion located towards the C-terminus of the protein. The ability
f the RESA C-terminal spectrin-binding region to independently
ocalise to the erythrocyte periphery has been conﬁrmed using a
FP reporter here in live parasites. Together, these data show thatRESA contains multiple independent regions with the capacity to
localise to the erythrocyte periphery.
3.5. P. vivax and P. knowlesi relatives of PHISTb proteins also
localise to the erythrocyte periphery
To establish whether peripherally localised PHIST proteins were
present in other human-infective Plasmodium species, we  tested
the localisation of PHISTb homologues from P. knowlesi and P. vivax
[35]. Transfection and culturing of P. knowlesi in human blood has
recently been established [47]. Therefore we  were able to test the
localisation of a P. knowlesi PHISTb protein, PKH 103230 [35], in
human erythrocytes infected with either transfected P. knowlesi or
P. falciparum parasites. When expressed by P. knowlesi grown in
human erythrocytes, GFP-tagged PKH 103230 (PKH 103230:GFP)
exhibited localisation at the host erythrocyte periphery, as well as
some retention inside the parasite (Fig. 5A). Peripheral ﬂuorescence
intensity was  2.20 (S.D. ± 0.71) fold higher than the erythrocyte
cytoplasm (supplementary Fig. 1). Expression of the protein was
conﬁrmed by Western blotting (Fig. 5B, lane 1). Likewise, when
PKH 103230:GFP was expressed in P. falciparum parasites, the pro-
tein also localised to the erythrocyte periphery (Fig. 5C), with a
ﬂuorescence intensity 1.93 (S.D. ± 0.48) fold higher than that of
the erythrocyte cytosol (supplementary Fig. 1). Western blotting
conﬁrmed the expression of full-length protein (Fig. 5D, lane 2).The P. vivax PHISTb protein, PVX 003555 is 1122 residues in
length. We  expressed a GFP-tagged fragment of the protein extend-
ing from residue 807 to the end of the protein; this encompassed
the PRESAN domain and the preceding 150 residues only (i.e. an
S.J. Tarr et al. / Molecular & Biochemical Parasitology 196 (2014) 29–40 37
Fig. 5. (A) Localisation of PKH 103230:GFP expressed in P. knowlesi. The left- and right-hand images show GFP localisation and a phase contrast image, respectively. Scale bar,
2  m.  (B) Western blot of P. knowlesi schizonts expressing PKH 103230:GFP (Lane 1). 2 × 106 schizonts were loaded per lane. Black arrow: PKH 103230:GFP. Lane 2 contains
untransfected parasites. (C) Localisation of PKH 103230:GFP expressed in P. falciparum. Image panels are as in (A). (D) Western blot of P. falciparum schizonts expressing
PKH  103230 (lane 2). Lane 1 contains untransfected parasites. Black arrow: PKH 103230:GFP. (E) Localisation of HT:PVX 033555807-end:GFP. Image panels are as in (A). (F)
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ntransfected parasites.
xtended PRESAN domain). As this fragment of the protein lacks
ts normal N-terminal export signal, the protein was  fused to
he N-terminal 61 residues of REX3 (HT:PVX 003555807-end:GFP).
T:PVX 003555807-end:GFP was robustly exported and localised to
he periphery of the host erythrocyte (Fig. 5E). GFP ﬂuorescence
ntensity at the erythrocyte periphery was 2.69 (S.D. ± 1.07) fold
reater than that of the erythrocyte cytosol (supplementary Fig. 1).
he expression of a protein of the expected size was conﬁrmed by
estern blotting of puriﬁed schizonts (Fig. 5F, lane 2).
These data indicate that the targeting function of the extended
RESAN domain in PHISTb proteins is a conserved feature used by
ultiple human malaria parasite species.
. Discussion
PHIST proteins constitute a major family of exported proteins
hat is expanded in the human-infectious malaria species P. fal-
iparum, P. vivax and P. knowlesi [31]. Almost 20% of predicted
T motif-containing exported proteins encoded by the P. falcipa-
um genome contains a PRESAN domain [31]. Understanding the6 schizonts were loaded per lane. Black arrow: expressed protein. Lane 1 contains
function of this domain is key to our understanding of host cell
modiﬁcation and pathogenesis of malaria.
Studies of several PHISTa, b, and c family proteins indicate that
they play important but diverse roles in the host cell [16,25,39].
However, little is known about the role of the PRESAN domains that
are the deﬁning feature of each family. Protein-protein interactions
have been described for a small number of PHIST family members;
the PRESAN domain of PHISTa protein PF3D7 0402000, which is
exported and localised at the parasitophorous vacuole membrane,
interacts with Band 4.1 in a two-hybrid assay, and the PHISTc
protein PF3D7 0936800 interacts with the C-terminal domain of
PfEMP1 in vitro [25,39]. Microarray analyses indicate that essen-
tial and non-essential PHISTb proteins are expressed in the blood
stages [54] and also in gametocytes [55].
Here, we  identify novel PHISTb proteins that localise to
the erythrocyte periphery. Furthermore, truncations of a
PF3D7 0401800 (PFD80) reporter protein allowed us to deﬁne
a novel region sufﬁcient to confer peripheral localisation in the
host erythrocyte. This region of PFD80, comprising both the
PRESAN domain and an additional N-terminal ﬂanking sequence,
is sufﬁcient to target to the erythrocyte periphery; neither domain
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lone is functional. The boundaries of the PRESAN domain have
een deﬁned based on sequence analysis [32]. We identiﬁed
dditional weak sequence conservation extending N-terminal to
he PRESAN domain. Our data show that this region N-terminal to
he PRESAN domain contributes, along with the PRESAN domain,
o a functional peripheral-targeting domain in PHISTb proteins.
he precise role of the region N-terminal to the PRESAN domain
n peripheral localisation requires further investigation. There is
lso some weak sequence conservation preceding the PRESAN
omains in other PHIST families (supplementary Fig. 4). As the
unction of these proteins is not well characterised it remains to
e determined whether the regions N-terminal to the PRESAN
omains of PHISTa/c proteins also contribute to their function.
The detergent insolubility of the PHISTb proteins that we  char-
cterised suggests that they are cytoskeleton-associated. Detergent
nsolubility is a characteristic of known cytoskeleton associ-
ted proteins such as RESA and MESA [27,42]. Consistent with
ur results, several of the PHISTb proteins that we ﬁnd to be
etergent insoluble, have also been found in the proteomes of
etergent resistant membranes [56]. Interestingly, in parasites
solated from placentae, the PF3D7 0936900 (PFI1785w; PHISTb)
ranscript is speciﬁcally upregulated [57,58] and the protein is
ound in detergent resistant membranes [59] suggesting that it
s cytoskeleton associated and could play a role in cytoadherence
uring pregnancy-associated malaria.
We also show that the extended PRESAN domain of RESA, a
nown cytoskeleton-associated protein, efﬁciently targets to the
rythrocyte periphery. This region is distinct from, and functions
ndependently of the previously characterised C-terminal spectrin-
inding region [43] that we also show here is functional in vivo.
herefore, we have shown for the ﬁrst time that RESA contains
ultiple domains that target to the erythrocyte periphery; the
xtended PRESAN domain and the C-terminal spectrin-binding
omain [43]. A recent study of the protein PF3D7 0532400,
hich contains an N-terminal PRESAN domain and is peripher-
lly localised ([46] and Fig. 1c), suggests that it also contains an
dditional C-terminal domain that interacts with the cytoskeleton.
hese observations evoke a model whereby RESA and potentially
ther PHISTb proteins could link multiple cytoskeletal proteins
r their domains, thus altering the rigidity of infected erythro-
ytes [46,60]. In the case of RESA, our data suggest the protein
ay  enhance the mechanical stability of the cytoskeleton not only
y using the C-terminal spectrin-binding domain to stabilise the
etrameric form of spectrin [43] but also by further cross-linking
lements of the cytoskeleton. Whilst this paper was  under review,
berli et al. [50], showed that the PHISTb domain of PF3D7 0532400
nteracts with the cytoplasmic tail of PfEMP1. Although the func-
ions of RESA and PF3D7 0532400 are different it appears that in
oth cases they may  function by mediating interactions between
ultiple cytoskeleton- or cytoskeleton-associated proteins.
Merozoite expressed surface antigen (MESA) contains a short
9 amino acid MEC  domain that interacts with the erythrocyte
ytoskeleton protein band 4.1 [29]. Several PHISTb proteins, not
ncluding the PHISTb proteins characterised in this study, contain
equences C-terminal to the PRESAN domain, that have similarity
o the MEC  domain [30]. Although the localisation of these proteins
as not been tested in vivo, it is possible that some of these proteins
ould crosslink elements of the erythrocyte cytoskeleton by form-
ng a protein bridge between band 4.1 and the binding partner of
he extended PRESAN domain in PHISTb proteins.
Cytoskeleton-associated proteins, such as KAHRP, MESA, and
ESA, have been extensively characterised, but none is essential
or parasite survival. PFD80, which we show here to be targeted
o the erythrocyte periphery, is known to be essential for survival
f blood stage parasites [18]. Given the essential nature of PFD80
n vitro, these data suggest that cytoskeleton modiﬁcations mayl Parasitology 196 (2014) 29–40
be important for parasite survival; several other PHISTb proteins
are also essential but it is not known whether they are similarly
targeted [16]. It is unclear why PFD80 is essential for parasite sur-
vival per se but it is possible that is plays a role in stabilising the
integrity of an infected cell or even modifying the properties of the
erythrocyte plasma membrane that is immediately proximal to the
cytoskeleton.
Several functions have been attributed to non-essential PHISTb
proteins although the localisation of these proteins has not been
described [16]. Deletion of the gene PF3D7 0220100 (PFB0920w)
leads to an increase in the rigidity of infected cells [16] and dele-
tion of PF3D7 1401600 (PF14 0018) or RESA leads to a decrease
in cell rigidity [16,60]. These phenotypes are entirely consis-
tent with the deletion of proteins that might be localised to
the erythrocyte cytoskeleton and regulate its function. Further-
more, deletion of PF3D7 0424600 (PFD1170c) leads to loss of
cytoskeleton-associated knob structures on the surface of infected
erythrocytes and a partial disruption of cytoadherence under ﬂow
conditions [16]. Consistent with this, we show here for the ﬁrst
time that PF3D7 0424600 localises to the erythrocyte periphery
and has a solubility proﬁle consistent with it interacting with the
cytoskeleton.
The interaction of the extended PRESAN domains alone with
cytoskeleton or associated protein complexes may  be sufﬁcient to
alter their properties; this mode of action may  be most relevant to
small PHISTb proteins, such as PF3D7 0424600, that contain only
an extended PRESAN domain and little other protein sequence.
In addition, extended PRESAN domains in multi-domain PHISTb
proteins may  localise other functional domains to the erythrocyte
periphery where they can perform their function. For example, the
PHISTb protein PF3D7 0220100 is a large protein that contains a
PRESAN domain and a J-domain. The latter domain could mediate
localised activation of Hsp70 chaperones suggesting that it may
remodel protein complexes in the cell periphery.
Finally, we show that the genomes of malaria parasites P. vivax
and P. knowlesi encode PHISTb proteins that are recruited to the
erythrocyte periphery. Both parasites modify the properties of their
host cell. P. vivax-infected erythrocytes, exhibit increased ﬂexibil-
ity [61], and caveolae-like membrane invaginations, referred to
as Schüffner’s dots, are assembled in the erythrocyte membrane
[36]. Notably, the PHISTc protein PvPHIST/CVC-8195 is localised to
Schüffner’s dots in P. cynomolgi infected erythrocytes. The rigidity
of P. knowlesi infected cells is increased [62]. Although the parasites
do not make knob structures, occasional electron dense invagi-
nations of the erythrocyte plasma membrane are seen, infected
cells become sequestered in the microcirculation of many tissues
[63], and are able to cytoadhere to speciﬁc protein ligands such
as ICAM-1, VCAM and CD36 [64]. Our data suggest that PHISTb
proteins could contribute to these phenotypes by interacting with
and modifying the cytoskeleton or plasma membrane of infected
cells. The P. knowlesi genome encodes ∼10 other PHISTb proteins
that are closely related to PKH 103230 [35] as well as numerous
more distantly related PHIST proteins. Although the P. vivax protein
PVX 003555 clusters closely with PHISTb proteins from P. falcipa-
rum, other PHIST proteins from P. vivax are more distantly related;
further experiments will be required to test whether these proteins
are also peripherally targeted.
P. vivax, P. falciparum,  and P. knowlesi share relatively few con-
served exported proteins but all contain functional PHISTb proteins
within their genomes. This would suggest that the although the
proteins may  be recruited to the periphery of infected erythrocytes
by multiple protein interactions, at least one of these interactions
will be with conserved host cytoskeletal elements or one of the few
conserved exported parasite proteins. In this context we ﬁnd that
PFD80 is efﬁciently localised to the erythrocyte membrane in Dd2
parasites that lack KAHRP and assembled knob structures.
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In summary, we show that the extended PRESAN domain,
ound in PHISTb proteins, is sufﬁcient to target exported parasite
roteins to the erythrocyte periphery. This domain architecture
s found in many multi-domain PHISTb proteins and in mul-
iple parasite species. Outside of the shared extended PRESAN
omain other diverse domains are found in these proteins includ-
ng J-domains, J-like domains, cytoskeleton interacting domains,
RESAN domains from other PHIST families, as well as other
ncharacterised domains. The extended PRESAN domain may  be
sed to recruit functionally diverse proteins to the periphery of
he infected erythrocyte to modify properties of both the erythro-
yte cytoskeleton and plasma membrane thus playing a key role in
arasite survival and virulence.
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